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ABSTRACT

A method based on the technique of dilatometry has been established to

quantitatively evaluate the interfacial damage due to the oxidation in a
thermal barrier coating system. Strain isQlation and adhesion coefficients
have been proposed'to characterize the thermal barrier coating (TBC)
performance based on its thermal expansion, behavior. It has been found
that, for a thermal barrier coating system consisting of ZrO2-
8%Y203/FeCrAIY/4140 steel substrate; the oxidation of the bond coat and

substrate significantly reduced the ceramic coating adherence, as inferred
from the dilatometry measurements. The in-situ thermal expansion
measurements under 30°C to 700°C thermal cycling inair showe_ that the

adhesion coefficient, Ai, decreased by 25% during the first 35 oxidation

cycles. Metallography showed that delamination occurred at berth the
ceramic/bond coat and bond coat/substrate interfaces. In addition, the strain

isolation effect has been improved by increasing the FeCrA1Y bond coat
thickness. The strain isolation coefficient, _Si, increased from about 0,04 to

0.25, as the bond coat thickness changed from 0.1 mm to 1.0 mm. It may

be possible to design optimum values of strain isolation and interface
adhesion coefficients to achieve the best TBC performance.

Keywords: Thermal Barrier Coating, Dilatometry, Thermal Expansion, Interface
Adhesion, Oxidation Damage, Strain Isolation

INTRODUCTION

Plasma-sprayed ceramic thermal barrier coatings (TBC) have been developed for
advanced gas turbine t_-31and diesel engine components t4-61to improve engine reliability
and fuel efficiency. A typical TBC coating system consists of a top layer ZrO2-8%Y203
coating and an intermediate MCrA1Y bond coat on the alloy substrate. The failure
mechanism of TBC is very complicated. In general the coating failure is closely related to
thermal stresses induced from the thermal expansion mismatch in the coating systems, and
oxidation of bond coats I7-_01.Since thermal barrier coating adherence to the metal substrate

is critical, oxide scale growth at the ceramic/bond coat interface and/or at the bond
coat/substrate interface will have detrimental effects on the TBC thermal fatigue life. In the
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present study, the oxidation behavior of an air plasma-sprayed FeCrA1Y bond coat and
4140 steel substrate is investigated. This FeCrA1Y coating system was selected because of

the potential compatibility with steel substrates such as in diesel engines. The damage at the
interfaces due to oxidation is evaluated based on thermal expansion behavior of the TBC

system and the ceramic/metal interface microstructure characterization.

EXPERIMENTAL MATERIALS AND METHODS

The oxidation kinetics of a plasma-sprayed Fe-25Cr-5A1-0.5Y free-standing bond
coat (25 x 12 x 3 mm in size) were characterized by thermogravimetric analysis (TGA) using
a Cahn 1000 thermobalance (Mattson Instruments, Madison, WI) in flowing air at 500,

600, 800 and 900°C. These temperatures were chosen as accelerated test conditions
compared with actual diesel piston temperatures (typically 300-500°C t41). The oxidation
kinetics of 4140 steel substrate (diameter 12.5 x6.5 mm disc specimens) were determined
at 400, 500 and 600°C by TGA for the bare specimens, and by measurements of the oxide
scale thicknesses from the cross-sections of the FeCrA1Y bond coat-wrapped (fully coated

on all sides)specimens, respectively.

The thermal expansion experiments were conducted on the TBC systems using an
UNITHERM 7rMDilatometer system (ANTER CORPORATION, Pittsburgh, PA) in ultra
high purity argon and air respectively, as shown in Figure 1. The thickness of the air

lasma sprayed ZrO2-8%Y203 ceramic coating was 1.5 mm, and that of the FeCrA1Y bond
coat was chosen as 0.1, 0.5, 0.76 and 1.0 mm respectively. The 4140 steel substrate was
12 mm in thickness to ensure no bending during the experiments. The free-standing
ceramic, FeCrA1Y bond coat and 4140 steel substrate were also tested under the same
conditions.

EXPERIMENTAL RESULTS

Oxidation Kinetics of the TBC System

Figure 2 shows the oxidation weight gains of the air plasma-sprayed FeCrA1Y
coating. This bond coat exhibited a complicated transient oxidation behavior, probably due
to its relatively high porosity and thus increased actual surface area, and the transient oxide

growth at these low temperatures. X-ray diffraction results suggest that besides A1203
scales, there are also some FeCr204 and Cr203 oxides formed during the initial oxidation

stage. The oxidation follows a parabolic rate law after about 30-60 hour initial stage, as can
be described by

(Aw) 2 = w_ + kpt (1)

where Aw is the specific weight gain, kv is the parabolic rate constant, and w0 is a constant

to account for the fact that the parabolic behavior only occurs after the initial transient
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period.Typical SEM micrographsof oxidesurfacemorphologyandthecross-sectionof an
oxidized TBC specimen are shown in Figure 3. The oxide whiskers observed on sample
surface are believed to be 0-A1203, which is more stable at these oxidation temperatures. In
actual TBC systems, the alumina scale is found to form on the surface as well as the sample

laminar splat boundaries, Arrhenius plots of the parabolic rate constants of the FeCrA1Y
bond coat and the 4140 steel substrate are illustrated in Figure 4 (a) and (b). It can be also
noted that, even for FeCrA1Y coated 4140 steel specimens, as shown in Figure 4 (b),

substantial oxidation occurred at these temperatures.

The oxidation of the bond coat caused interfacial damage. AS shown in Figure 5, the
oxide growth at the cer_c/bond coat interface initiated the cracking and separation at the
ceramiC/bond coat interface' Ceramic debonding has been demonstrated fo r a specimen

heavily oxidized at 700°C for 600 hours. The failure mechanism is identified as ceramic
micro-cracking near the ceramic/bond coat interface due to oxidation, leading to subsequent
extensive ceramic crack propagation in the ceramic coating near the interface. The oxidation
at the bond coat/substrate interface also generated interfacial cracks at this interface, as

shown in Figure 6. This demonstrates that the porous air plasma sprayed FeCrA1Y coating
is not very effective in protecting the substrate from oxidation.

Thermal Expansion Behavior of the TBC System

Figure 7 shows the measured thermal expansion behavior of the TBC system. As

expected, the 4140 steel substrate and the free-standing ZrO2-8%Y203 ceramic coating
possess the highest and the lowest thermal expansion coefficients, respectively, while
plasma-sprayed FeCrA1Y bond coat shows an intermediate thermal expansion coefficient.
The thermal expansion behavior of the ceramic coating attached to the substrate is quite
different from that of the free-standing ceramic coating. In general, the thermal expansion
coefficient of the attached cer_c coating is significantly greater compared to that of a free-
standing ceramic coating, but is smaller than that of the substrate.

It is interesting to note that the in-situ thermal expansion coefficient of the attached
ceramic coating during oxidation cycles decreases with number of cycles in air. Since
extremely slow heating and cooling cycles (9.5 hours/cycle at heating and cooling rates
about 2-4°C/minute) in air have been used in this thermal expansion experiment, oxidation
and thermal expansion mismatch in the system are predominant, and the thermal transient is

unimportant. A similar experiment was conducted in ultra high purity argon, and the result
showed that the attached ceramic coating had almost a constant thermal expansion
coefficient with cycling. The thermal expansion coefficient during the first oxidation cycle
in air possesses the highest value, which is essentially the same value measured in argon,
suggesting the interface damage effect might not be significant for the first cycle. The
FeCrA1Y bond coat thermal expansion coefficient showed little difference between argon
and air atmospheres, suggesting that the decreasing thermal expansion coefficient of the
attached ceramic coating was mainly due to oxidation-induced interface damage rather than

to changing bond coat properties,

Figure 8 illustrates the effect of bond coat thickness on the thermal expansion
coefficient of the attached ceramic coating. The measured thermal expansion is smaller for
the thicker bond coat system. The result suggests the bond coat has isolated substrate
thermal strain to some extent for the ceramic coating.
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Fig. 1 Schematic diagram showing therma! expansion coefficient measurement of

thermal barrier coating systems using dilatometry.
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(a)Secondaryelectronimagesshowingoxidesurfacemorphology.
Fig. 3 SEMmicrographsof FeCrA1Ybondcoatoxidizedat 800°Cfor 150hours.
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(b) Backscattered electron image and A1, Zr, Fe, Cr X-ray composition maps showing

A1203 grown at the ceramic/bond coat interface and inside bond coat splats.

Fig. 3 SEM micrographs of FeCrA1Y bond coa_ oxi_zed at 800 °C for 150 hours

(continued).



Fig. 4
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Fig. 5 Ceramic coating failure due to the FeCrA1Y bond coat oxidation. (a) SEM micrograph showing

ceramic coating cracking and spallation at the ceramic/bond coat interface; (b) Schematic diagram

of the ceramic coating failure mechanism.



Fig. 6 The bond coat/substrate interface cracking due to the substrate oxidation at 500 °C
for 336 hours.
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system.

DISCUSSION

In a thermal barrier coating system, the bond coat will act as a graded thermal

expansion layer to reduce the thermal expansion mismatch between the ceramic layer and
the substrate. It will also provide good bonding strength between them. The bond coat may
also be able to relieve cyclic stresses through plastic deformation. Early dilatometry
experiments showed that the thermal expansion coefficients of ceramic coatings on steel
substrates were significantly influenced by the substrates and bond coats [ll]. In general,
the thermal expansion characteristics of ceramic coatings attached to substrates behaved
more or less the same as those of the bond coats. Therefore, in order to quantify the strain

isolation effect and bond adhesion strength of the bond coat, two parameters: strain

isolation coefficient, Si, and normalized adhesion coefficient, A,., are introduced in this

study. These are described in Appendix 1. S_ reveals the intrinsic bond coat effectiveness in

isolating thermal strain for the ceramic coatings, and A; reflects the integrity of the
interface, which is normalized to the amount of damage present during the first heating

cycle where the extent of interfacial cracking damage is usually small. The two parameters
can be expressed as

_ att,i

S i -- as --U_c (2)0
O_s -- O_c
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2 att,i 0

c - aC (3)
Ai "- _ att,l 0

{x c - O_c

0
where a_ and c_c are linear thermal expansion coefficients of the substrate and the free-

att,i
standing ceramic coating, ac_"'1and a c are the thermal expansion coefficients of the

ceramic layer attached on the substrate surface in the first cycle and the ith cycle
respectively. These expressions arise from the assumption that, with the case of no
debonding and no strain isolation provided by the bond coat, the ceramic will stretch and
contract via crack opening/closing and/or splat sliding (This displacement is assumed to

occur uniformly across the ceramic layer thickness). Thus, for no strain isolation Si=0, and

no debonding A,. =1. On the other hand, Si=l means complete strain isolation, and A_=0

indicates a complete debonding at the interface. It c_ be expected that s; depends on bond

coat thermal properties and thickness, while Ai is mainly dependent upon interfacial

properties. Since no debonding is most likely in the first heating cycle (as has been
confirmed in the experiments), $1 is effectively a measure of initial strain isolation provided

by the bond coat, Bond coat and substrate oxidation will have significant effect on the
adhesion properties.

Figure 9 shows the initial strain isolation coefficient S; of the TBC system as a
function of the bond coat thickness. From the thermal expansion experiments, it can be
seen that the strain isolation effect increases substantially with the bond coat thickness.
From the simple elastic model derived in Appendix 2, the thermal expansion coefficient of

the attached ceramic coating can be written as

L[att 0 (ab - ac)Eb( 1- Vc)(1- v_)tb + (as - ac)E_ (1- we)(1- vb)t_
c = ac + " • (4)

Ectc(1- Vb)(1-- Vs)+Ebtb(1-- Vc)(1-- V,) + E.J,(1- Vc)(1- vb)

where a h is linear thermal expansion coefficient of the bond coat, E's and v's are the

Young's Moduli and the Poisson's ratios for the ceramic coating, the bond coat and the

substrate respectively, and to, tb and t._ are thicknesses of the ceramic coating, the bond
coat and the substrate. Equation (4) suggests the strain isolation by a thin bond coat will not

be significant with a predominantly thick substrate. The strain isolation coefficient as a
function of bond coat thickness, which is calculated from Equations (2) and (4), is also

illustrated in Figure 9. The discrepancy between the experimental data and theoretical
calculation may be due to the strain distributions in the system, which is probably
associated with the specimen edge effect and the unique compliant bond coat behavior.
Uncertainties in the elastic properties such as elastic moduli in the system may also affect
the strain isolation coefficient. However, as shown in Figure 9, even if the value of E_ is

changed from 10 to 60 GPa, the theoretical value of S_ would increase only by about 0.03.

The interface damage due to oxidation has been evaluated by in-situ measurement of
the thermal expansion of ceramic coating on steel substrate in flowing air, as illustrated in

11



Fig. 10.It canbeseenthattheadhesioncoefficient A i decreases with increasing oxidation

time. The adhesion coefficient is closely related to the maximum interfacial shear stress
behavior (Appendix 3). Therefore it is a good measure of residual interfacial strength. It

can be seen that the adhesion coefficient A i has decreased from an initial value of 1 in the

first cycle to about 0.75 after 35 cycles. For the specimen oxidized at 700°C for 600 hours,

A i has dropped to about 0.15. The results confirm that oxidation has a strong detrimental

effect on TBC interfacial adherence.

CONCLUDING REMARKS

The oxidation of the bond coat and the substrate has been shown to have detrimental

effect on the ceramic coating adherence to the substrate. A method based on dilatometry has
been established to quantitatively evaluate the interfacial damage due to the oxidation of the
thermal barrier coating system. This approach will help to develop strategies for advanced

TBC design, and to evaluate the effect of bond coat mechanical and oxidation properties on
TBC fatigue life.

For the TBC system and experimental conditions studied, the interface adhesion
coefficient has reduced from an initial value of 1 during the first cycle to about 0.75 after 35

oxidation cycles. It was also found that the strain isolation effect could be improved by

increasing the FeCrAiY bond coat thickness. The strain isolation coefficient increased from
about 0.04 to 0.25, as the bond coat thickness changed from 0.1 to 1.0 ram. It may be

possible to design optimum values of strain isolation Si and interface adhesion A i in order

to achieve the best TBC performance.
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Appendix

Fig. A1

1. Strain Isolation Coefficient and Interface Adhesion Coefficient

_ att,l-_. cxc
I

.,_ a att,i

._umer_tor f umerator f .,_ numerator of• __ s,
l

.,_ numerator of _,

Si I
__ denominator _,_

.att,i .atl,las a,
OlO' 0

O_s -- O_c O_s -- O_c

0 _ att,l _ att,i

Ai qzat"i -- O_c Di = Ucc -- U_c
-- 0 0

O_s -- a c O_s -- O_c

Definition of strain isolation coefficient Si, adhesion coefficient A I. and damage

coefficient DI .

The strain isolation and interface adhesion in a TBC system can be evaluated from the

thermal expansion behavior of the system. As illustrated in Figure AI, the linear expansion

coefficients of the free-standing ceramic and substrate are ac° and a, respectively. It is

,,,i would stretchassumed that during the i th cycle, the expansion of the attached ceramic a c

to equal the expansion of dominant substrate if the bond coat provides no strain isolation. It
is further assumed that the expansion coefficient of the attached ceramic would be as low as
that of the free-standing ceramic if the bond coat provided complete strain isolation (This
assumes that interfacial cracking is not contributing to the measured strain isolation).
Therefore, the experimentally determined attached ceramic thermal expansion coefficient is

bounded by

O_cO_< U_c'att'i _< a s (A1)

and, the ratio of the measured differential thermal expansion during the i th cycle to the

14
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o istheoretical maximum a, - ac

.att,i

Si - as - oc c o (A2)
0_ s -- O_c

where S i is, by definition the strain isolation factor. For cycle 1 (where the assumption of

minimal cracking is strongest):

- att, 1

SI O_s --_r,c o (A3)
O_s -- O_c

att,i may decrease with cycling if interfacial cracking isThe measured value of a C

0 for the free-standing ceramic. Therefore,occurring with the lower limit being the value a c

the experimentally determined ceramic thermal expansion coefficient is bounded by

[Z cO__<I'Zc-att,i --< o_att'ls (A4)

Thus, the ratio of the remaining stretch amount for the attached ceramic during the i th

0 is defined as adhesion coefficient AI, which cancycle to the theoretical maximum a_. - a c
be written as

_ att,i 0

Ai_a_ -a_. (A5)
0

O_s -- O_c

Similarly, the ratio of the lost stretch amount for the coating under the i th cycle to the

0 is defined as interfacial damage coefficient DI.maximum differential expansion a s - ac

att,l .att,i- .c (A6)0
O_s -- _c

Note that S_+ A I + D I = 1 and S i = Sl + D I . These expressions suggest that the parameters SI,

A I and D I have accounted for the total difference between the thermal expansion
coefficients of the substrate and the free-standing ceramic coating; In addition, the strain

isolation coefficient in the ith cycle Si could include the contributions from the intrinsic
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strainisolation S, and interface cracking damage D I. during the oxidation cycles. Thus, the

amount of ceramic stretch in the ith cycle normalized to the amount of stretch during the

first cycle may be defined as normalized adhesion coefficient A i

.att,i 0
AI (Xc - _c

ai = ,' ,-: - _ att,l 0 (A7)
,ai + vi OCc -- O_c

Appendix 2. Thermal Expansion Behavior in Thermal Barrier Coating
Systems

When temperature is changed from To to T,, the thermal strains ec", G'h and _ths for

ceramic coating, bond coat and substrate are given by

th Ore(T1 To ) (ASa)

etbh = ab(T1-- To ) (A8b)

th = Ots(rl To) (ASc)E,s

where ac, ah and a,. are the thermal expansion coefficients of ceramic, bond coat and

substrate respectively. Providing no bending is present in the system, the elastic strains e21,

e_, and e.e in the constrained thermal barrier coating system can be expressed as

ac(1- Vc l (A9a)

(1-v9_

e_,=Crb_--_b ) (A9b)

e e =¢rs(1-v_l (a9c)
'

where a C, a b and as are stresses in the ceramic, bond coat and the substrate respectively,

E and v with subscripts c, b and s are the Young's Moduli and the Poisson's ratios of the
ceramic, bond coat and the substrate. Strain compatibility and force balance result in the

following relations

16



"( ec ) _,Ar

I c th ts

f ff_ . dt + [ (:rb . dt + [ (rs . dt = O
0 0 0

(A10)

(A11)

Where tc, tb and t_ are thicknesses of the ceramic coating, the bond coat and the substrate,

respectively. From Equations (AIO) and (A11), the elastic stresses and elastic strains in the
thermal barrier coating system can be obtained

G_ = (ab-ac)ATE°Ec(1- vs)tb +(a,-a_)ATE, Ec(1- vb)ts (A12)
Ect_(1- vb)(1- vs)+ Ebtb(1- V_)(1- V,)+ E_t,(1- vc)(1- v b)

[(ab-ac)ArEb(1 - v,)tb +(a,-Otc)ArE_(1- Vb)t, lEo(1- Vc)

o-b= (1- vb)[E_tA1-vbXl- v,)+ Ebtb(1-V_)(I- Vs)+E,tA1- vc)O- vb)]

(o_b- O_c)Z_reb
l-v0

[(_b- a_)z_reb(1- v,),_ +(as-ac)ZarE_(1- Vb)t,]E,(1- vc)

or, = (1- v, )[Ectc(1- vb)(1- v,)+ Ebtb(1- Vc)(1- Vs)+ E,t,(1- vc)(1- vb) ]

(o(_ - a c )ATE,

I_V s

(ab-a_)ATEb(1- v_)(l- v_)t b +(o_-ac)ArE,(1- vc)(1- Vb)t,

e

E b =

Ect_(1- Vb)(1-- Vs)+ Ebtb(1-- Vc)(1-- Vs)+ E, ts(1- vc)(1- Ub)

e

_s --_

Ejc(1 - Vb)(1 -- V,) + Ebtb(1 -- Vc)(1 -- V_) + E,t,(1 - 7c)(1 - Vb)

[(_- ac)areo(1- v,)tb+(_s- _c)Are,0 - vo)t_](1 - Vc)

E&.(1- vb)(1- vs) + Eatb(1- Vc)(1- vs) + Ests(1- we)(1- wb)

(A13)

(A14)

(A15)

(A16)
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